The well-characterized interaction between the MS2 coat protein and its cognate RNA hairpin was used to evaluate changes in affinity as a result of phosphorodithioate (PS2) replacing phosphate by biolayer interferometry (BLI). A structure-based analysis of the data provides insights into the origins of the enhanced affinity of RNA-protein interactions triggered by the PS2 moiety. † Electronic supplementary information (ESI) available: General materials, RNA and modified RNA synthesis methods, modified RNA sequence information (ST-1), affinity information (ST-2 and SF-1), structure of the MS2 coat protein-RNA complex (SF-2), and overall view of interactions between MS2 protein and RNA hairpin (SF-3). See
Oligoribonucleotides (RNAs) such as RNA aptamers, 1-3 siRNAs, [4] [5] [6] and miRNAs 7, 8 show tremendous potential as therapeutics against viral infections, cancer, genetic disorders, and neurological diseases. 9, 10 Beyond their therapeutic potential, aptamers are of high value as tools for biological research, such as target validation, [11] [12] [13] and as biosensors in diagnostics. 14 One of the limiting factors in the success of RNA-based therapeutics is the typically rapid degradation of unmodified RNAs in serum and within cells. This problem has been greatly diminished by modifications that render RNAs resistant to the action of cellular nucleases. 15 One of the most commonly employed modifications is the replacement of a non-bridging oxygen with sulfur in phosphate linkages to form phosphoromonothioate (PS)-modified RNA. 16 However, PS-modified RNAs afford only limited protection against hydrolysis by nucleases 16 and the PS modification results in a mixture of diastereomeric RNAs that raises the potential of variable biophysical properties. Stereo-controlled synthesis of P-chiral PS-RNAs represents one possible solution to this problem, 17, 18 but another lies in the synthesis of modifications that are achiral at phosphorus such as phosphorodithioate (PS2)-modified RNAs. 19 PS2-RNA is a very attractive RNA analog because it closely mimics natural RNA. It has been shown that dinucleoside phosphorodithioates (PS2-dimers) have high nuclease resistance. 20 In addition, a hammerhead ribozyme with a single PS2 substitution at the cleavage site maintained activity and cleavage resulted in the expected product. 21 Moreover, PS2-dimers have shown great resistance to alkaline degradation when compared to natural RNA derivatives. 20 Further, we have demonstrated that the greatly improved gene silencing activities in vitro and in vivo 19, 22 as a result of introducing two PS2 modifications at the 3 0 -end of sense strand siRNAs were a consequence of the higher affinity of PS2-RNA for Ago2 protein, presumably caused by a hydrophobic effect. 23 Recent studies have shown that combined 2 0 -OMe-PS2 or 2 0 -F-PS2 substitution experiments with in vitro selected RNA aptamers 24, 25 led to either a reduction or increase in binding affinity. 26 A destabilizing effect by 2 0 -modification could be due to altered sterics (2 0 -OMe vs. 2 0 -OH), loss of H-bonding (2 0 -OMe vs. 2 0 -OH), or arise as a consequence of modifying a residue that adopts a C2 0 -endo pucker, i.e. shifting the conformational equilibrium to C3 0 -endo compared to the native ribose (as seen with the 2 0 -F analog).
The question of how individual PS2 modifications will alter the binding between bacteriophage MS2 coat protein and a 19mer stem-loop RNA (Fig. 1A) provided the starting point for the present study. The MS2 system is well suited for three reasons. (1) The X-ray crystal structure of the complex reveals protein-phosphate contacts of a very diverse nature within a small RNA molecule. 27 (2) Experiments with PS modification have been completed in this system, 28 such that these data can be compared to the effects of PS2 modification obtained here.
(3) The MS2 model system entails a relatively short RNA that is ideal for a backbone walk to generate all 18 stem-loop constructs that feature a single PS2 moiety. Substitution of two non-bridging oxygen atoms by sulfur is fairly conservative in terms of the changes in the nucleotide geometry, as revealed by our recent PS2-RNA X-ray crystal structures. 23 However, differences between PO2 and PS2 in terms of polarizability, hydrophobicity and other factors are expected to significantly change the contribution of individual amino acid-phosphate contacts to the overall binding affinity upon PS2 substitution in a sitespecific fashion.
To evaluate the effect of a PS2 substitution at a given position on the binding affinity, a 5 0 -biotinylated 19-nucleotide hairpin RNA (Fig. 1A ) 27 and PS2 variants with one phosphate per sequence substituted by a PS2 moiety were synthesized via standard solid phase phosphoramidite chemistry (ESI, † ST-1). Kinetic characterization of each PS2 variant by BLI allowed affinity ranking of modified hairpins with respect to the native RNA. Evaluation consisted of using a serial dilution of MS2 protein screened against individual hairpin RNA variants that were immobilized onto streptavidin coated BLI sensors. 26, 29 Binding and dissociation rates of native hairpin RNA were determined in parallel to the variants. ESI, † Fig. S1 (SF-1) shows the characterization of native RNA and all of its PS2 modified variants. ST-2 (ESI †) shows the calculated K D values and relative K D ratio for each variant relative to the native hairpin RNA. As is evident from ST-2 (ESI †), the effects of single PS2 modifications on binding are variable. Of the 18 PS2-modified RNAs tested, three displayed significantly increased binding affinity (at least 15-fold compared to the corresponding control RNA). PS2 substitutions at the remaining sites either did not affect binding or led to slightly increased/ decreased binding affinities (less than 3-fold) (Fig. 1B ).
The MS2 system was used previously to assess the consequences of single PS substitutions in the hairpin RNA for the tightness of the RNA-coat protein interaction. 28 The effect of a single PS substitution on the overall protein binding affinity is relatively small (2-to 5-fold). In contrast, the affinity increases of hairpin variants with P5, P12, or P14 replaced by PS2 were significantly larger (54-, 16-and 71-fold, respectively) ( Fig. 1B) . Unlike in a PS moiety where the negative charge resides on the sulfur, either sulfur atom in PS2 can be neutral or charged, thus rendering the latter more hydrophobic. The more dramatic increases in binding affinity for certain PO2 -PS2 substitutions are consistent with our recent results based on PS2-modified aptamers targeting VEGF or thrombin. 26 What are the underlying reasons for affinity increases upon PS2 substitution? The fact that the P-S bond is longer than the P-O bond (by ca. 0.5 Å; 1.98 vs. 1.50 Å, respectively 30, 31 ) cannot be the most important factor in this regard. Instead, the increased hydrophobicity and polarizability of sulfur relative to oxygen (both PO2 and PS2 are negatively charged), potentially in combination with local flexing of the backbone to allow for an optimal fit between PS2 moiety and protein surface, 26 may be key contributors to 50-to 100-fold or even more drastic gains in affinity seen for certain PS2 variants. It is crucial that there is room to accommodate the larger PS2 moiety and an already tightly bound PO2 is unlikely to be conducive to affinity gains.
MS2 coat protein forms an icosahedral capsid (homo-180mer) that encloses RNA hairpins (SF-2, ESI †). Individual hairpins are spread across an antiparallel b-sheet such that each RNA interacts with residues from two adjacent MS2 protein molecules (SF-3, ESI †). In order to gain insight into the altered regio-specific interactions as a result of PS2 modification that give rise to affinity increases, we inspected crystal structures of MS2 coat-protein RNA complexes [PDB ID codes 1zdh, 1zdi]. 27 Both complexes contain native RNA, without PS2 modification.
PS2 modification at the P14 phosphate group that is located between loop residues U13 and A14 exerts the most favorable effect on K D among all tested modification sites. Compared to the native RNA hairpin, the PS2-14 modification results in 71-fold improvement of K D , a gain that is primarily based on the increased association rate (ST-2, ESI †). Inspection of the crystal structure shows that C8-H of A14 and the Nz groups of K43 (salt bridge) and K61 are in the vicinity of the pro-R p sulfur ( Fig. 2A) . The Cg2 ring carbon of Y85 is somewhat farther away (5.8 Å). By contrast, based on the conformation observed in the crystal structure, the pro-S p sulfur is not in close contact with protein residues or RNA atoms. However, PS-modification studies demonstrated that both R p -and S p -PS modification affect the affinity between RNA and MS2 coat protein. 28 A sizable shift of this PS2 moiety along with a rotation could generate favorable electrostatic and hydrophobic interactions with the two lysines (including lysine methylene groups as seen in a PS2-DNA:protein complex 32 ) and C8-H of A14 and the Y45 ring, similar to PS2 contacts with C8-H of G and phenylalanine, respectively, in our crystal structure of the 2 0 -F-PS2-RNA:thrombin complex. 26 PS2-5 near the base of the RNA stem lies in vicinity of the R49, S51 and K57 side chains (Fig. 2B) . The pro-R p sulfur is positioned somewhat closer to the two basic residues than the pro-S p one, but the latter has the potential to move closer to methylene groups from S51 and K57. S p -PS modification appears to have a small beneficial effect on affinity, 28 but is clearly no match for the 54-fold improvement in K D as a consequence of PS2 modification. The analysis here based on the structure of the complex suggests that the PS2 pro-S p sulfur may be more important in terms of improving hydrophobic interactions. Similar to the situation in the 2 0 -F-PS2-RNA:thrombin interaction, 26 hydrophobic contributions are enhanced by the negative charge of the PS2 moiety that result in electrostatically favorable interactions, i.e. PS2 pro-R p sulfur with R49/K57. The pro-R p and pro-S p moieties of PS2-12 feature very different environments (Fig. 2C ). The nucleobase of U13 stacks onto the Y85 side chain (supposedly seeding the RNA:MS2 interaction 27 ) and the pro-R p sulfur is situated in close vicinity (van der Waals contacts) of O4 and C5 of U13 as well as Cd2 and Ce2 (slightly longer distances) of tyrosine. By contrast the pro-S p sulfur is pointing away from protein and RNA and is not engaged in any interaction. This view is confirmed by the results of the PS-interference study that showed that the R p -PS modification improves the affinity whereas S p -PS modification plays a negligible role. 28 U13 continues the stack between G10 and A11, but U12 points away and does not engage in stacking. A slight movement of the PS2-12 moiety could lead to a favorable edge-on interaction with Y85 similar to an edge-on interaction between PS2 and phenylalanine seen in the 2 0 -F-PS2-RNA:thrombin complex. 26 The distances in the model for the pro-R p sulfur are 3.94 Å and 3.66 Å (to Cd2 and Ce2, respectively).
The three phosphates at positions P8, P10 and P11 are engaged in relatively tight interactions that are dominated by electrostatics (P8 and particularly P10, Fig. 3 ). Both OP1 and OP2 of P8 form H-bonds to K61 and in the case of P10, one of the oxygens (pro-S p ) forms two H-bonds to R49 and the other is H-bonded to K57. All three interactions by phosphate 10 are rather tight (distances o3.0 Å) and there are no nearby residues that could be used to improve hydrophobic contacts to a PS2 moiety. P11 is wedged between S51, S52 and Q54 (pro-S p ), whereby the distances are rather tight and this observation and the lack of hydrophobic moieties in the vicinity render this phosphate also a suboptimal environment for a PS2 substitution. Indeed, inspection of the affinity data for PS2 variants at these sites (ST-2, ESI †) demonstrates that the changes are negligible and similar in magnitude to PS2 substitution at P9, a moiety that lacks interactions with protein ( Fig. 3) .
Conversely, P15, P16 and P17 phosphates that map to a stretch of three Cs in the RNA hairpin are not engaged in direct interactions with MS2 coat protein in the crystal (Fig. 2D) , and yet they lower (PS2-15, 2-fold, ST-2, ESI †) and increase affinity (2.5-fold, PS2-16, and 2-fold, PS2-17). In the crystal structure, symmetrical MS2 dimers feature two bound RNAs of different orientation and partial occupancy (Fig. 2D ). However, it is unclear if such a situation exists in solution, where hairpins are supposedly bound to discrete protein dimers, and how PS2-15, -16 and -17 could indirectly affect affinity.
The structure-based analysis of the results of the PS2 walk along the backbone of the RNA hairpin that binds to MS2 coat protein using crystallographic models of complexes provides helpful insights into the observed changes in K D . Taking into account not just the static models of MS2:RNA complexes in crystal structures but considering potential local conformational changes, significant improvements in K D as a result of PS2 modification at three backbone sites can be rationalized by potentially favorable hydrophobic and electrostatic environments of individual PS2 moieties. Hydrophobic interactions might include edge-on contacts between a PS2 sulfur and an aromatic side chain (Fig. 2C ), 26 contacts between PS2 sulfur and methylene groups of lysine ( Fig. 2A and B ; seen in the crystal structure of the PS2-DNA:homeodomain complex 32 ), and contacts between PS2 sulfur and methylene and methyl groups of serine and threonine, respectively (Fig. 2) . Such interactions would be supplemented by electrostatically favorable contacts between PS2 and lysine and arginine head groups because the PS2 group still carries a negative charge. The higher association rates for the PS2-14 and PS2-5 hairpins (ST-2, ESI †) might imply that modification there facilitates conformational selection required for complex formation.
Taking into account dynamic aspects to help explain the observed changes in K D as a result of the PS2 backbone walk is justified in the case of the RNA hairpin interacting with MS2 coat protein. This is because close contacts between RNA and protein are limited to two regions: residues A3, C4 and A5 from one strand in the lower stem portion of the hairpin and A11, U12, U13 and A14 in the loop region (SF-2, ESI †). The nature of these contacts render it entirely possible that PS2 modification could result in more or less subtle conformational changes in the RNA that affect the interactions with the protein (we don't expect the protein to undergo any conformational changes, consistent with our findings in the structures of PS2-RNA:thrombin complexes 26 ). A structural analysis of a 2 0 -F-PS2-modified RNA in complex with thrombin demonstrated that the RNA can locally undergo conformational changes (a shift of an individual residue of up to 3 Å and rotation of the PS2 moiety and a neighboring phosphate by more than 901 relative to the orientations of the native phosphates). 26 This RNA-induced fit resulted in enhanced hydrophobic contacts -while maintaining favorable Coulombic interactions with lysine and arginine -and calculations provided evidence that the higher polarizability of sulfur compared to oxygen is a contributing factor. 26 Combined 2 0 -F-PS2 26 or 2 0 -OMe-PS2 22 modification of an aptamer 26 or siRNA, 22 respectively, can boost the affinity for protein targets beyond the improvements with PS2 modification alone. However, in cases where the 2 0 -OH moiety is engaged in a H-bond with protein, 2 0 -O-methylation can potentially also destroy the affinity gained by the 3 0 -PS2 substitution. This is seen with 2 0 -OMe-3 0 -PS2 (MS2) modified U13 that displays a K D of 3.77 nM (ST-2, ESI: † AF151UB) compared with 1.54 nM for PO2 (ST-2, ESI: † AF147-1), and 0.028 nM for PS2 (ST-2, ESI: † AF151-12), respectively. Methylation there destroys the H-bond to E63, creates a steric conflict with Y85, and likely destabilizes the C2 0 -endo sugar pucker of U13 ( Fig. 2A) .
The PS2-mediated affinity gains achieved here for the RNA:MS2 interaction reach almost two orders of magnitude. By comparison, the affinity changes in the siRNA:Ago2, RNA: thrombin and RNA:VEGF complexes were up to 1000-fold. 23, 26 Both anti-thrombin and -VEGF RNA aptamer are more complex than the MS2 RNA hairpin. Rather than an induced fit, the latter motif may merely undergo PS2-triggered flexing to promote higher affinity. Perhaps a simple RNA stem-loop motif precludes a 1000-fold boost in K D in response to a single PS2 moiety. Nevertheless, the observed gains in affinity are impressive and dwarf those seen for duplex DNA that is conformationally more rigid by comparison.
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TBDMS group at the 2′-position. The solid support was filtered, and the filtrate was concentrated to dryness. For 2′-O-TBDMS RNA, the obtained residue was re-suspended in 115 µL of anhydrous DMF and then heated for 5 min at 65 °C to dissolve the crude product. Triethylamine (TEA, 60 µL) was added to each solution, and the solutions were mixed gently. TEA・3HF (75 µL) was added to each solution, and the tubes were then sealed tightly and incubated at 65 °C for 2.5 h. The reaction was quenched with 1.75 mL of DEPC-treated water. Following deprotections, the oligonucleotides were desalted/buffer exchanged into DEPC-treated H 2 O (using 3000 MWCO Amicon filters) and lyophilized to dryness. The mass of the modified RNAs were confirmed by ESI-MS. Supplementary Table 1 ( ST-1 ) : The RNA sequences for MS2 coat protein with PS2 substitutions. Each RNA sequence AF147-1 and AF151-2 to AF151-19 and AF151UB (2'-OMe-PS2 modified) is labeled with Biotin at the 5'-end using the BiotinTEG phosphoramidite (Glen Research).
AF147-1 is the known RNA sequence that binds to MS2-mutant coat protein. The sequences, AF151-2 to AF151-19 are synthesized by systematically substituting PS2 onto each residue (red).
# Modified sequence information
RNA-ID Phosphate # 1 5'-ACA UGA GGA UUA CCC AUG U-3' AF147-1 2 5'-A ps2 CA UGA GGA UUA CCC AUG U-3' AF151-2 P4 3 5'-AC ps2 A UGA GGA UUA CCC AUG U-3' AF151-3 P5 Supplementary Table 2 ( ST-2) : Affinity ranking of the RNA sequences (with PS2 substitutions) for MS2 coat-protein (3). The RNA immobilization onto streptavidin-coated sensors was achieved by dipping into 250 nM RNA solution for 1 min at a stir rate of 1,000 rpm. When low affinities are observed (AF151-3, AF151-10, and AF151-12), those samples were purified and confirmed by mass spectrometry.
The immobilization of purified RNA was achieved by dipping into a solution of 50 nM pure-RNA for 1 min at a stir rate of 1,000 rpm. A stock of 50.0 nM MS2-mutant in MKMTB buffer (100 mM MES -Na + pH 6.2, 10 mM MgCl 2 , 80 mM KCl, 0.05% Tween 20, 0.01 mg/mL BSA) was prepared as a dilution series (0, 1.0, 2.0, 3.0, 4.0, 6.0 nM). Association was monitored for 300 sec and the dissociation was followed for 300 sec on a FortéBIO Octet Red 96 instrument. When it was necessary, the dissociation was stretched to at least 900 sec to verify tight binding. The data were fit to a 1:1 binding model using fortéBIO Octet data analysis software. Kinetic constants were determined by integration of the experimental data using the Figure 1 (SF-1 Figure 3 (SF-3) . Overall view of interactions between MS2 coat protein (beige ribbon) and RNA hairpin (gray carbons). Points of contact that result in enhanced affinity upon PS2 modification are limited to the base of the stem (P5) and the loop region (P12, P14). P5, P12 and P14 are highlighted as filled circles in yellow along with selected side chains. Rose-and cyan-colored spheres indicate the pro-Rp and -Sp sulfurs, respectively, and calculated positions of 2ʹ-OMe carbon atoms are light green.
Supplementary

